Background: Neuroimaging measures and chemical biomarkers may be important indices of clinical progression in normal aging and mild cognitive impairment (MCI) and need to be evaluated longitudinally.
ers may allow detection of the neurodegenerative process at an earlier point in the spectrum and increase our ability to detect treatment effects in clinical trials. [6] [7] [8] The Alzheimer's Disease Neuroimaging Initiative (ADNI) is a consortium of universities and medical centers in the United States and Canada established to develop standardized imaging techniques and biomarker procedures in normal subjects, subjects with MCI, and subjects with mild AD. 9 The major goals of ADNI are to develop improved methods that will lead to uniform standards for acquiring longitudinal, multisite MRI and PET data on patients with AD, patients with MCI, and elderly controls, to develop an accessible data repository that describes longitudinal changes in brain structure and metabolism while acquiring in parallel clinical, cognitive, and biochemical data, to develop methods that will maximize power to determine treatment effects in clinical trials, and to test a series of hypotheses based on clinical and biomarker data.
METHODS Table 1 describes the flow of subjects in each of the 3 clinical groups. Enrolled subjects were between 55 and 90 years of age (inclusive) and were required to have a study partner to provide an independent evaluation of functioning. Subjects could speak either English or Spanish. All subjects had to be willing to undergo all test procedures including neuroimaging and longitudinal follow-up. At least 20% of the subjects at each site had to be willing to undergo 2 lumbar punctures spaced 1 year apart. Psychoactive medications which were believed to possibly affect cognitive function were excluded. The general inclusion and exclusion criteria were as follows. All subjects had to have Hachinski Ischemic Score of less than or equal to 4; permitted medications stable for 4 weeks prior to screening; a Geriatric Depression Scale score of less than 6; a study partner with 10ϩ hours per week of contact either in person or on the telephone and who could accompany the participant to the clinical visits; visual and auditory acuity adequate for neuropsychological testing; good general health with no diseases precluding enrollment; 6 grades of education or work history equivalent; and ability to speak English or Spanish fluently. 10, 11 Women had to be sterile or 2 years past childbearing potential. Subjects had to be able to complete a 3-year imaging study (2 years for subjects with AD). Subjects agreed to DNA extraction for APOE testing and banking and agreed to blood and urine examination for biomarkers. Subjects could not have any medical contraindications to MRI and could not be enrolled in other trials or studies concurrently.
Standard protocol approvals, registrations, and patient consents. This study was approved by the Institutional Review
Boards of all of the participating institutions. Informed written consent was obtained from all participants at each site.
Subject selection.
The subjects for the study were classified as normal controls, subjects with MCI, or subjects with mild AD. The criteria for classification of the subjects were as follows. With respect to memory complaints, the normal subjects had none, while the subjects with MCI and subjects with AD both had to have complaints. On the Mini-Mental State Examination (MMSE), the range for the normal subjects and subjects with MCI was 24 -30, and for AD 20 -26; all are inclusive. The CDR score for normal subjects was 0 and for subjects with MCI was 0.5 with a mandatory requirement of the memory box score being 0.5 or greater, and the rating for subjects with AD was 0.5 or 1. For the memory criterion, delayed recall of 1 paragraph from the Logical Memory II subscale of the Wechsler Memory Scale-Revised (maximum score of 25) 12 was used with cutoff scores as follows based on education: normal subjects Ն9 for 16 years of education, Ն5 for 8 -15 years of education, and Ն3 for 0 -7 years of education. For subjects with MCI and subjects with AD, these scores were Յ8 for 16 years of education, Յ4 for 8 -15 years of education, and Յ2 for 0 -7 years of education.
In addition, the normal control subjects were to be matched to the other subjects in age and could not have any significant impairment in cognitive functions or activities of daily living. The subjects with MCI had to be largely intact with regard to general cognition and functional performance, and could not qualify for the diagnosis of dementia. 13 The subjects with AD had mild AD and had to meet the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for probable AD. 14 Table 1 Schedule of evaluations for normal subjects, subjects with mild cognitive impairment, and subjects with Alzheimer disease Screening/ baseline visit
Month 6
Month 12
Month 18

Month 24
Month 30
Month 36
Normal Clinical X X X X X
No subjects could be taking antidepressant medications with anticholinergic properties, and the regular use of narcotic agents had to be limited to fewer than 2 doses per week within 4 weeks of screening. Neuroleptic medications and other drugs with anticholinergic properties could not be used within 4 weeks of screening. Antiparkinsonian medications could not be used within 4 weeks of screening. Participants could not be enrolled in any other investigational drug studies within 4 weeks of screening, and diuretic drugs should not be started or discontinued within 4 weeks prior to screening. Cholinesterase inhibitors and memantine were permitted if the dose had been stable for 4 weeks prior to screening for subjects with MCI and AD. Estrogen and estrogen-like compounds and vitamin E were allowed if the dose had been stable for 4 weeks prior to screening. Participants were required to report any medication changes to the site investigators once they were enrolled in the study.
At the screening visit, all subjects were required to provide informed consent as compatible with the local sites (Institutional Review Board regulations). In addition, all subjects provided demographics, family history, and medical history. All subjects were given a physical examination and a neurologic examination, and vital signs were recorded. Screening laboratories were obtained as well as blood for DNA for APOE testing. As mentioned, all subjects had the MMSE and the ADNI administration of Logical Memory II.
At baseline, subjects were given the American National Adult Reading Test and the following cognitive measures were examined: digit span, category fluency, Trail Making A and B, Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale-Revised, Boston Naming Test, Auditory Verbal Learning Test, clock drawing, Neuropsychiatric Inventory Q, AD Assessment Scale-Cognitive Subscale, and Functional Assessment Questionnaire. [15] [16] [17] [18] [19] [20] All subjects received an MRI scan at 1.5 Tesla signal strength; 25% of the subjects also received an MRI scan at 3 Tesla, 50% received an FDG PET scan, and a minimum of 20% of the subjects at each site also received a lumbar puncture.
As noted in table 1, the normal subjects and subjects with MCI were evaluated approximately every 6 months for up to 3 years with telephone visits being performed at months 18 and 30. The subjects with AD were followed every 6 months for 24 months with a telephone contact at month 18. The primary outcome measures were the rate of progress from MCI to AD as well as a variety of imaging and chemical biomarkers. Rates of change were calculated for the imaging measures, each biomarker, and glucose metabolism for specified regions of interest on FDG PET scanning.
Data analysis.
Baseline characteristics of the participants were summarized by diagnostic group (mean and SD for quantitative measures, proportion or percent for categorical variables). Group characteristics at baseline were compared by nonparametric tests (Kruskal-Wallis) for quantitative measures, using a Hochberg multiple comparison procedure to compare means, and using 2 or exact tests to compare proportions. Change over time was summarized 3 different ways: conversion proportion, mean or percent difference in quantitative measure between baseline and 12-month follow-up, and rate of change per year estimated from mixed effects regression models for quantitative measures using all available follow-up data. 21 Annual rates of conversion were estimated using a hybrid estimate of the distribution function as proposed by Wellner and Zahn 22 for interval censored data. Differences in rate of change over time across groups were assessed in the mixed effects regression models by adding as covariates both a main effect term to estimate baseline differences and an interaction with time to test differences in rates of change. Similarly, the potential of biomarker or imaging marker level at baseline to account for within-group heterogeneity in rates of change was assessed by adding both a main effect term and an interaction term with time to the mixed effects regression models. All hypothesis tests were 2-sided at level 0.05, and models were validated both graphically and analytically. SAS/STAT ® software 23 and R were used for statistical analysis. 24
RESULTS Baseline characteristics.
A total of 819 subjects were recruited and received a baseline evaluation as part of the ADNI study. There were 229 normal control subjects, 398 subjects with MCI, and 192 subjects with mild AD enrolled. As shown in table 2, the mean age of the 3 groups was equivalent at approximately 75 years. There were an approximately equal number of men and women in the normal control and AD groups, but there were more men than women in the MCI group (64.6% men vs 35.4% women). The estimated premorbid verbal IQ of these subjects was quite high, at almost 120 for the normal control subjects, 116 for the subjects with MCI, and 114 for the subjects with AD. Most of the subjects in the study were white, and this was approximately equivalent across the groups. The mean scores for the screening measures (MMSE, Paragraph Recall, CDR, Geriatric Depression Scale, and Hachinski Scale) and the Functional Assessment Questionnaire are shown in table 3. In all cases except the Hachinski Scale and Geriatric Depression Scale, the mean scores for the 3 groups differed significantly at p Ͻ 0.001, with normal controls performing best, subjects with AD worst, and subjects with MCI in the middle. Overall, subjects with MCI had a mean total Alzheimer's Disease Assessment Scale-Cognitive subscale (ADAS-Cog) score of 11.5, while the normal control subjects had a score of 6.2 and the subjects with mild AD had a score of 18.7 ( p Ͻ 0.001, table 3). The 3 groups also differed significantly in each of the subscales, with the MCI mean scores worse than those for nor- mal participants but not as poor as those for participants with AD (table 3) . These scores indicated, however, that the subjects with MCI gained most of their error points on memory items. The neuropsychological battery indicated that, in general, subjects with MCI were more impaired than controls on the memory items and were only mildly impaired in nonmemory domains (table 3) . The sub-jects with AD were impaired in virtually all of the cognitive areas tested. The next greatest area of impairment for the subjects with MCI resulted from the executive function domain.
Concomitant medications.
Appropriate treatments for dementia were allowed in the subjects with MCI and subjects with AD. The following percentages of subjects were on therapy at baseline: cholinesterase inhibitors-normal controls 0%, subjects with MCI 43.7%, subjects with AD 84.9%; memantine-normal controls 0%, subjects with MCI 10.8%, subjects with AD 47.4%; combined cholinesterase inhibitors and memantine-normal controls 0%, subjects with MCI 8.8%, subjects with AD 40.6%.
Twelve-month follow-up measures. The mean differences in performance of the subjects between baseline and 12 months are shown in table 4. In general, the normal group stayed nearly the same, and the AD group worsened significantly compared to the normal controls. The MCI group was more variable; in most cases they worsened more than the normal group but not as much as the AD group, but they looked more like the AD group for change in digit span, category fluency, and trail making, and more like the normal controls for the clock test and global CDR.
The CDR sum of the boxes essentially did not change in the normal control group (0.1) and increased by approximately 0.7 points in the subjects with MCI and 1.5 points in the subjects with AD ( p Ͻ 0.001). On the memory measures such as the AVLT, there was virtually no change across 12 months in learning in the normal control group with a decreased learning of 1.3 items in the subjects with MCI and 3.7 fewer items learned in the AD group. Delayed recall improved by 5.3% in the normal control group and declined by 4.8% in the subjects with MCI and 7.2% in the subjects with AD. Table 4 shows the neuropsychological test changes over 12 months. Among the 229 subjects who were recruited in the normal control group, only 3 progressed to MCI over 12 months and none to AD; 17 did not have final diagnosis for 12-month follow-up. Allowing for interval-censored data, the estimated conversion rate was just 1.4% (95% confidence interval [CI] 0%-3.2%). Among the 398 subjects with MCI at baseline, 64 progressed to AD at 12 months for a progression rate of 16.5% (95% CI 11.9%-20.5%). An additional 8 subjects with MCI reverted to a normal classification over that interval, and 41 did not have a follow-up diagnosis. Of the 192 subjects with AD, virtually all of them remained in that category, while 2 reverted to MCI status at 12 months. Table 5 shows the baseline cognitive characteristics of the subjects with MCI who progress and do not progress to dementia over the course of the first 12 months.
Stratification by CSF A␤-42 levels. CSF A␤-42 levels were assessed at baseline and were correlated with clinical diagnoses, performance on the ADAS-Cog, and changes in performance on the ADAS-Cog over 1 year (table 3) . Baseline A␤-42 levels decreased significantly across the diagnostic categories as follows (mean Ϯ SE): normal controls 206 Ϯ 5; MCI 164 Ϯ 4; AD 143 Ϯ 4 (p Ͻ 0.001). Higher levels of A␤-42 were associated with better performance on the ADAS-Cog in normal subjects (r ϭ Ϫ0.21; 95% CI Ϫ0.38 to Ϫ0.03) and subjects with MCI (r ϭ Ϫ0.22; 95% CI Ϫ0.035 to Ϫ0.08). The correlation with the ADAS-Cog in AD was not significant. Similarly, the annual rate of change on the ADAS-Cog against A␤-42 at screening suggested that higher baseline levels of A␤-42 were associated with a smaller change over 12 months in the normal subjects (r ϭ Ϫ0.23; 95% CI Ϫ0.40 to Ϫ0.05) and in MCI (r ϭ Ϫ0.29; 95% CI Ϫ0.41 to Ϫ0.16). The mixed effects models suggested that higher levels of A␤-42 were associated with improved performance on the ADAS-Cog in normal subjects ( p ϭ 0.01) and in subjects with MCI ( p Ͻ 0.00). The interaction of A␤-42 and time also had a significant effect on ADAS-Cog scores in subjects with MCI ( p ϭ 0.00), but not in normal subjects. There was no significant baseline A␤-42 effect observed over 12 months in the subjects with AD. The CSF changes over 12 months are shown in table 4.
DISCUSSION
The recruitment for ADNI was designed to simulate a clinical trial population. As such, the baseline characteristics of the subjects indicated that the 3 groups were generally well educated, intelligent, and mostly white, and perform in a fashion similar to subjects recruited for typical clinical trials. [25] [26] [27] [28] The summary of the baseline characteristics of the subjects indicated that the subjects with MCI were memory impaired compared to the normal controls and their memory performance was slightly better than that of the subjects with mild AD by design. With respect to nonmemory domains, the subjects with MCI were more similar to the normal control subjects than they were to the subjects with AD. As such, the MCI group recruited in this study represents individuals in a transitional state between cognitive changes of normal aging and clinical features and the clinical criteria for probable AD. The subjects recruited for ADNI likely do not represent "typical" subjects in the community. They tend to be more highly educated and the proportion of APOE4 carriers was quite high in the MCI and AD groups but is consistent with subjects recruited for clinical trials. 25 The 12-month change data indicated little movement on many of the global scales. As would be expected, the control subjects essentially remained stable or improved slightly. The subjects with MCI also remained relatively stable as a group, and the subjects with mild AD showed a decline on most of these measures. The variability among the subjects increased across the 3 clinical groups from normal to MCI to AD. There was somewhat less variability on the global measures, while some of the individual neuropsychological tests such as the AVLT showed considerable variability among the subjects despite relatively modest mean group changes.
The diagnostic conversions over the 12-month period must be viewed with some caution. A 12month change period is not a sufficient amount of time to draw conclusions regarding the likelihood of clinical change. However, there was considerable movement from the MCI group to the AD group over the 12 months at the progression rate of 16% per year as projected. This was in part by design since the criteria used to recruit subjects with MCI required a rather stringent degree of memory impairment to be included in the diagnostic classification group. As such, these subjects were likely further down the clinical spectrum with respect to the underlying AD process such that they would be more likely to progress than subjects with less impairment in the MCI spectrum.
The CSF A␤-42 data correlated with the diagnostic groups in the expected fashion with levels being lower in the subjects with MCI than in the normal subjects. Correspondingly, the subjects with AD had lower A␤-42 levels. In addition, the lower the CSF A␤-42 level at baseline, the greater the cognitive change over 12 months in both the normal subjects and subjects with MCI, suggesting that baseline A␤ levels might be used to stratify subjects' likelihood of progressing more rapidly. This might be a useful technique to reduce the numbers of subjects used in clinical trials to detect a clinical effect of therapeutic interventions.
ADNI was successful in recruiting a cohort of subjects that was very similar to those seen in MCI and mild AD clinical trials. [25] [26] [27] This subject population serves as an excellent resource for the study of the role of imaging and chemical biomarkers in tracking the AD disease process. The entire ADNI dataset, including demographic, clinical, neuropsychological, neuroimaging, and biochemical biomarker data, is available online for analysis by investigators (www.loni.ucla.edu/adni).
